To our knowledge, no reproducible animal model of a giant bifurcation type aneurysm has been described. It was our aim to develop a 1-stage and reproducible model of a venous pouch giant aneurysm in canines.
xperimental aneurysm models in animals have played an important role in the development and preclinical evaluation of endovascular devices and techniques for treatment of intracranial aneurysms. While many experimental aneurysm models have been reported by using canines, rabbits, swine, and rodents, [1] [2] [3] [4] a recent systematic review of in vivo experimental aneurysm models demonstrated that the most useful models for preclinical testing on aneurysm-treatment devices were the elastase-induced aneurysms in rabbits and the venous pouch aneurysms in dogs. 5 Since its introduction by Cloft et al 6 and Altes et al, 7 the rabbit elastase-induced aneurysm, by using the stump of the right CCA, has been widely used. 8, 9 Several studies focusing on natural history of the aneurysms proved the feasibility of the aneurysm model with long-term patency. 10, 11 On the other hand, since the publication by German and Black, 1 canine venous pouch aneurysms have also been commonly utilized. 12, 13 Their natural history was also studied and they also showed long-term patency, with few spontaneous thromboses or ruptures. [14] [15] [16] Giant aneurysms are still challenging for both traditional surgical and endovascular treatment. [17] [18] [19] Therefore, further efforts to improve endovascular devices and techniques for such aneurysms, and thus, in turn, development of suitable animal models, is warranted. While both elastase-induced and venous pouch aneurysms have potential to grow, 10, 15 neither result in aneurysms that are large enough to adequately simulate giant aneurysms (the final [maximum] size was reported as 10.0 Ϯ 2.2 mm for the rabbit elastase-induced aneurysms 10 and 19.3 Ϯ 1.3 mm for the canine venous pouch aneurysms). 15 In an attempt to develop an animal model of a larger aneurysm, Ding et al succeeded in controlling aneurysm size in the rabbit elastase-induced aneurysm by adjusting the position of ligation 20 and, more recently, by creation of a presurgical arteriovenous fistula. 21 The maximum size of an aneurysm created in these reports, however, was 15.3 mm and 16.8 mm, respectively, still too small for a giant criterion. Several attempts have also been made in canines to create a giant venous pouch aneurysm model. To the best of our knowledge, only 4 reports where a venous graft of 20 mm or longer was used for aneurysm creation are available. [22] [23] [24] [25] In 2 of these, aneurysm creation required cumbersome 2-staged procedures, 22, 23 and in 1, it required intraoperative heparin injection and daily aspirin intake after surgery. 25 In addition, all the aneurysms created in these studies were of the sidewall type. While giant aneurysms mainly occur at the internal carotid artery, mostly in a sidewall geometry, they are also not infrequently found at the middle cerebral artery, the anterior communicating artery, and the basilar apex, as either a bifurcation or a terminal geometry. 26 On the basis of these observations, our purpose was to develop a 1-stage and reproducible procedure that does not require any use of anticoagulant or antiplatelet agents, which would create a venous pouch giant aneurysm model in canines. Such a model should be useful for preclinical evaluation of endovascular techniques and devices, as well as for hemodynamic studies to address giant aneurysms. This report describes and illustrates this model.
Materials and Methods
Nine mongrel dogs were involved in this study. All the procedures were performed under a protocol approved by the University of Wisconsin Animal Care Committee. Canines were 9 -11 kg in weight and were maintained with a standard laboratory diet. After an overnight fast, general anesthesia was induced with 10 mg/kg of propofol IV injection and was maintained with 1%-5% isoflurane and 100% oxygen via endotracheal tube. The neck region was prepared and draped in a sterile manner. No anticoagulant or antiplatelet was used before and during the surgery.
Artery Construction
Either a bifurcation or a terminal arterial structure was constructed (Table 1 ) using an established surgical procedure previously reported from our laboratory. 27, 28 In brief, a paramedian 8-cm long skin incision was made bilaterally, and CCAs were exposed after gentle muscle separation. The left CCA was ligated proximally while a temporary vascular clamp was applied distally. The left CCA was cut just above the proximal ligation. A tunnel was made beneath the trachea and the distal segment of the left CCA was swung to the right side passing through the tunnel. For creation of the bifurcation geometry, an arteriotomy was made on the midportion of the right CCA after the proximal and the distal clamps were applied, and the distal left CCA was sewn end-to-side into the right CCA (Fig 1A) . For creation of the terminal model, the right CCA was divided and its distal portion was anastomosed end-to-end with the distal left CCA. The proximal portion of the right CCA was then anastomosed end-to-side into the undersurface of the U formed by this linkage (Fig 1B) .
"Aneurysm" Sac Creation
Bilateral EJVs were isolated and ligated proximally and distally. A 30-mm length segment was harvested from each side (Fig 2A) and then rinsed with heparinized saline (1000 U heparin/100 mL saline). Care was taken to harvest the veins from portions of the jugular vein having no valves. Each of the 2 segments was sliced longitudinally and unfolded to make 2 venous sheets ( Fig 2B) . For creation of a bifurcation aneurysm, 1 end of these sheets was trimmed into a shape that would fit into the arterotomy made in the anastomosed right and left CCAs (Fig 2C) . The 2 venous segments were then joined top-tobottom so as to form a single cylinder. To facilitate this, a handmade fixture was employed, which consisted of a single rubber cylinder mounted on a metal axle, which was connected to 2 support stands ( Fig 2D) . The 2 vein sheets were mounted onto the rubber bar in such a way that the original adventitial side of each of the 2 sheets was on the exterior surface ( Fig 2D) . In 2 instances, to create a wider aneurysm, small pieces of PTFE were interleaved between the 2 vein sheets (without expanding the surgical field, it was impossible to harvest additional segments of autologous vein long enough to supplement the initial vein sheets). After the venous sheets were sewn together, 1 of the metal axle ends was detached from the stand, and then the combined vein graft was carefully positioned toward the arteriotomy site. In incorporating the vein graft into the arterial anastomosis, the graft remained on the rubber bar so as to keep the graft cylindrical and thus simplify suturing the vein to the arteries ( Fig 3A) . After the vein was connected to the arteries, the support fixture was withdrawn and the top of the venous pouch was closed with sutures ( Fig 3B) . All of the sutures were performed in a running manner with 7-0 Prolene (Ethicon, Somerville, New Jersey). All of the clamps were then removed and, if any leak was observed, additional sutures were applied until hemostasis was obtained (Fig 3C) . Before closing the surgical wounds, gentle digital dilation was made into retrotracheal space to create adequate space for the aneurysm sac (this does not need to be Note:-IV and IA represent a modality employed for the follow-up study. A number in parentheses represents the interval in weeks between aneurysm creation and each follow-up study. Animals were sacrificed on the day following the 2nd follow-up. f/u indicates follow-up study; IV, intravenous digital subtraction angiogram; IA, intra-arterial digital subtraction angiogram.
done as a part of the routine used to create standard venous pouch aneurysms). In the closure, special attention was paid not to compress the "aneurysm" with surrounding tissue. Fascia and skin closure were achieved by using 3-0 Prolene in multiple layers.
Follow-Up Study
The animals were maintained under observation until the follow-up study. No anticoagulant or antiplatelet was used after the surgery. Two follow-up studies were performed in 8 of the 9 animals. One animal developed internal bleeding 2 weeks after surgery. To assess the cause of this bleeding, this animal underwent emergency IA angiography; the aneurysm was patent (Fig 4H) and no cause for the bleeding was determined. At the advice of the attending veterinarian, this animal was euthanized and thus did not have a second follow-up study. The first follow-up study was performed in 8 animals by using an IV-DSA. The second angiographic follow-up was performed at intervals ranging between 2 and 9 weeks after the first follow-up by using standard IA-DSA techniques (Table 1 ). An IV study was done for the first follow-up because it was less invasive than an IA study. In our experience the IV studies provide images that are very comparable with an IA study. Biplane DSA and 3D-DSA in all the subjects were acquired by using biplane C-arm angiographic systems (Artis zeego; Siemens Healthcare, Erlangen, Germany). Using a commercial workstation (Leonardo; Siemens Healthcare), the 3D-DSA data were reconstructed to volume-rendered 3D images. From the reconstructed 3D images, aneurysm height, neck width, dome width, volume, and the area of the ostium were measured. The detail in measuring aneurysm volume and the area of the ostium was previously described elsewhere. 29 Measurements of aneurysm volume and the ostium area were only performed on the second follow-up studies.
Results
It took 2.5 hours on average for 2 operators to create a giant aneurysm; while 1 operator (D.C.) constructed the arterial anastomosis, the other (R.Y.) prepared the venous pouch. No surgery-related complications occurred. The first follow-up DSA revealed that in 8 of the 9 dogs, a giant aneurysm was successfully created; of the animals having a second follow-up angiogram, all 7 with patent aneurysms on the first follow-up were found to have patent aneurysms without any evidence of intra-aneurysmal thrombosis. (Fig 4A-E,  G-I) . The dimensions of the aneurysms were tabulated ( Table  2 ). The mean value of all heights, dome widths, and neck widths was larger at the second follow-up. Because of the difference in imaging techniques used for the follow-up studies, the small sample size, and the variable time intervals between the follow-up studies, we cannot draw conclusions regarding the natural history of these aneurysms.
For the thrombosed aneurysm, the second follow-up imaging and autopsy were performed 12 weeks after the creation. No recanalization was observed on IA-DSA (Fig 4F) . At the autopsy, the aneurysm was found widely open at the ostium, but most of its dome was filled with organized clot. However, no more clues to the cause of the thrombosis were extracted.
Discussion
We describe a reproducible technique by using vein grafts (supplemented by PTFE in 2 instances), to create a canine bifurcation giant experimental aneurysm model in a 1-stage procedure without any use of anticoagulation or antiplatelet medications.
Our series included aneurysms whose maximum diameter was between 20 and 25 mm, whereas a giant aneurysm is commonly defined as greater than 25 mm in diameter. [17] [18] [19] 26 In some small canines the soft tissue space available to accommodate an aneurysm, combined with the size of the available arteries and veins, may make it impossible to create an aneurysm 25 mm or greater in size. Still, because the problems associated with the endovascular treatment of aneurysms with a maximum diameter between 20 and 25 mm are quite similar to those encountered in management of a true "giant" aneurysm (25 mm or greater), 18, 19 we believe that the aneurysms created and described in this report would serve as suitable surrogates for a "giant" aneurysm.
In this study, the mean value of all the aneurysm heights, dome widths, and neck widths was larger at the second follow-up compared with those at the first (Table 2) . Although it has already been reported that canine venous pouch bifurcation aneurysms grew over time, 15 it is impossible, from our observations, to conclude that our venous pouch giant aneurysms may also enlarge. Because of the following reasons, we did not perform statistical comparison of the measurements between the follow-up studies; first, and most importantly, IV-DSA was employed for the first follow-up, while IA-DSA was employed for the second. Because, compared with IA-DSA, IV-DSA tended to result in less, and occasionally inadequate, contrast concentration in filling an aneurysm, the aneurysm dimensions could be underestimated on the IV-DSA study. Thus, for the second follow-up study, an IA-DSA with a 3D-DSA acquisition was used. In our opinion, this provides the greatest spatial and temporal resolution of any available imaging technique. For the IA-DSA studies, contrast was injected from a catheter placed in the vicinity of the aneurysm. Therefore, an aneurysm could be dilated by injection pressure, thus leading to an inaccurate measurement. Second, measurement of 2D parameters, such as aneurysm height, dome width, and neck width, highly depend on the projection from which they are observed. 29 This may explain why some measurements at the second follow-up were smaller than those at the first. Third, the follow-up interval varied significantly.
Spontaneous thrombosis occurred in only 1 of the 9 animals. Kerber et al demonstrated that the use of preoperative aspirin made no difference in the patency rate of experimental aneurysms. 24 Learning from the experience of Black and German, who established a relationship between experimental aneurysm thrombosis and the ratio of aneurysm VOR, 30 in our study, we tried to make the ostium as large as possible when creating an aneurysm. More than 300 canine venous pouch bifurcation aneurysms have been created in our laboratory, and the diameters of the ostium usually have been adjusted to 6 mm, compared with an aneurysm height of 10 mm (we have no data as to the aneurysm volume in most of these aneurysms).
14 In contrast, in this study, the diameter of the ostium was adjusted to 10 mm. Still, in 6 of the 8 aneurysms with 2 follow-up studies, the VOR was higher than the value of 28.3, above which, in Black and German's report, all experimental aneurysms thrombosed spontaneously. 30 The difference between their results and ours is likely because of the difference of parent artery-aneurysm geometry (sidewall versus bifurcation or terminal), which significantly affects intra-aneurysmal hemodynamics. 31 We believe further investigation for flow analysis (eg, computational fluid dynamics study) by using our model would be helpful for understanding a part of the natural history of giant aneurysms. Further study, however, is necessary to determine the value of using this model to further the understanding of the hemodynamics of very large and giant aneurysms in humans.
In 2 cases, PTFE was used to achieve a larger dome width. If 60 mm or longer vein segments were available, there was no need for the use of PTFE to create a wider aneurysm. However, in our animals, because of the position of the EJV (lateral in the operative field) and the desire to limit soft tissue damage (skin incision was limited to 8 cm), it was too hard to harvest Note:-Volume and the area of the ostium were measured only for the second follow-up study. * For dog 6, no measurements were performed because of spontaneous thrombosis. f/u indicates follow-up; Dif., difference.
such larger venous segments. Also, the vein graft tended to shrink after the harvest. Nonetheless, all the aneurysms in which PTFE was incorporated were patent at last follow-up (Fig 4H-, I ). Additionally, no PTFE-related complication was observed during the study period. Because PTFE has been widely used as patch material for carotid endarterectomy with competitive long-term performance to vein patch, 32 we believe it was a reasonable substitute for vein grafts. Once its long-term feasibility for in vivo experimental aneurysms is proved, it might be possible to replace vein grafts entirely with PTFE (and if a "'ready-made" PTFE pouch becomes available, there is no longer need to adjust the size and suture in making an "aneurysm" sac). More experience with PTFE as a graft material for use in making aneurysms of this type is required.
Our model has several limitations. The "aneurysm" wall made up of venous tissue, with or without PTFE, does not reproduce histologic characteristics and biologic behavior of human cerebral aneurysm wall. Physiologic reaction to suture lines could also compromise histopathologic evaluation. These shortcomings specific to venous pouch aneurysms, however, should be accepted, as it is, so far, impossible to create a model of elastase-induced giant aneurysms. 10, 20, 21 In relation to biologic behavior, a created aneurysm is not surrounded with CSF. Second, the model is not appropriate to study aneurysm initiation. Third, the cause of spontaneous thrombosis in 1 aneurysm was not clear. We usually do not perform any imaging studies on the day of aneurysm creation because patency of an aneurysm can be confirmed macroscopically (Fig 3C) . If performed, however, further study (eg, flow analysis) might have provided some solutions. Fourth, the follow-up term was limited up to 7 weeks. Long-term followup, with special attention to PTFE, should be done.
Despite these limitations, we did show a method to reproducibly create a canine venous pouch bifurcation giant aneurysm model, and its feasibility. Our model would be useful for not only preclinical evaluation of endovascular devices and technique but also for flow analysis to address giant aneurysms.
